ABSTRACT. Similar to higher animal cells, ameba cells of the cellular slime mold Dictyostelium discoideum form contractile rings containing filaments of myosin II during mitosis, and it is generally believed that contraction of these rings bisects the cells both on substrates and in suspension. In suspension, mutant cells lacking the single myosin II heavy chain gene cannot carry out cytokinesis, become large and multinucleate, and eventually lyze, supporting the idea that myosin II plays critical roles in cytokinesis. These mutant cells are however viable on substrates. Detailed analyses of these mutant cells on substrates revealed that, in addition to "classic" cytokinesis which depends on myosin II ("cytokinesis A"), Dictyostelium has two distinct, novel methods of cytokinesis, 1) attachment-assisted mitotic cleavage employed by myosin II null cells on substrates ("cytokinesis B"), and 2) cytofission, a cell cycle-independent division of adherent cells ("cytokinesis C"). Cytokinesis A, B, and C lose their function and demand fewer protein factors in this order. Cytokinesis B is of particular importance for future studies. Similar to cytokinesis A, cytokinesis B involves formation of a cleavage furrow in the equatorial region, and it may be a primitive but basic mechanism of efficiently bisecting a cell in a cell cycle-coupled manner. Analysis of large, multinucleate myosin II null cells suggested that interactions between astral microtubules and cortices positively induce polar protrusive activities in telophase. A model is proposed to explain how such polar activities drive cytokinesis B, and how cytokinesis B is coordinated with cytokinesis A in wild type cells.
Cell division is essential for proliferation of all types of cells, but there is a considerable degree of diversity in its mode and mechanism among different types of eukaryotic cells. The cellular slime mold Dictyostelium discoideum is a soil amoeba. Dictyostelium cells typically divide by a mechanism traditionally referred to as cytokinesis, which involves constriction of a cleavage furrow, in a manner similar to higher animal cells. Structurally, cleavage furrows of both Dictyostelium and higher animal cells consist of a contractile ring which contains parallel filaments of actin and myosin II, and it is believed that active sliding between the two filament systems drives the constriction.
In 1987 De Lozanne and Spudich (1987) disrupted the single copy of the myosin II heavy chain gene (mhcA) and generated a cell line of Dictyostelium that lacked functional myosin II. Knecht and Loomis (1987) created a cell line in which the expression of mhcA was greatly reduced by overexpression of antisense RNA. Surprisingly, both mutant cell lines were viable on substrates. In a suspension culture, these cells were unable to carry out normal cytokinesis, became large and multinucleate, and eventually lyzed, supporting the hypothesis that myosin II drives the constriction of cleavage furrows. However, when these large cells were placed back on a plastic substrate before they lyzed, the cells quickly adhered to the substrate and various parts of the cell crawled in different directions. In many cases a thin strand of cytoplasm connecting two parts of the cell finally broke, such that a portion of the large cell was separated from the rest (De Lozanne and Spudich, 1987) . These investigators called this process "tractionmediated cytofission" to distinguish it from normal cytokinesis that involved constriction of the contractile ring (Spudich, 1989; Fukui et al., 1990) .
The fact that myosin II is dispensable for viability on sub-strates means that in Dictyostelium being unable to carry out cytokinesis is only conditionally lethal, which allowed researchers to analyze behavior of cells when myosin II-driven motility is absent. Studies taking advantage of this unique opportunity led to the discovery that, in addition to the original traction-mediated cytofission (Spudich, 1989; Fukui et al., 1990) , Dictyostelium has a novel method of cell division which enabled the mutant cells to reliably bisect themselves and deliver nucleus into each daughter cell, in a cell cycle-coupled manner. Furthermore, the availability of large, multinucleate cells by culturing mhcA − cells in suspension made it easy to observe interactions between mitotic spindles and cell cortices. These studies yielded new information regarding the mechanism of cleavage furrow induction by mitotic spindles. In this article, we wish to review these novel results obtained by analyses of Dictyostelium mhcA − cells, and discuss their implications in the context of the general mechanism of cytokinesis of the animal type.
I. Attachment-assisted mitotic cleavage (cytokinesis B)
Traction-mediated cytofission was initially considered to be the major means of cell division of mutant cells lacking myosin II on substrates (De Lozanne and Spudich, 1987; Fukui et al., 1990) . However, we and others noticed that mhcA − cells on substrates were mostly mononucleate and the distribution of cell size was very similar to wild type cells, so much so that it appeared difficult to be accounted for by traction-mediated cytofission alone, a seemingly inefficient way of cell division.
A careful microscopic observation of mhcA − cells on substrates later revealed that these cells carry out cell division that is morphologically similar to normal cytokinesis of wild type cells on substrates (Neujahr et al., 1997a; Fig. 1) . After each of the two new nuclei migrate into each lobe of an elongated, mitotic mhcA − cell, the equatorial region constricts and separates the cell into two. This behavior, called "attachment-assisted mitotic cleavage" (Neujahr et al., 1997a) is not at all a rare event, but a remarkably robust and efficient process, judging from the fact that the growth rate of mhcA − cells on substrates is indistinguishable from that of wild type cells (Fig. 2) . Furthermore, almost all mhcA − cells in M phase, identified as such based on its quiescent and spherical appearance, subsequently divided successfully on substrates (Kitayama and Uyeda, unpublished).
Attachment-assisted mitotic cleavage is distinct from the traction-mediated cytofission originally observed by Spudich and his colleagues (De Lozanne and Spudich, 1987; Fukui et al., 1990; Spudich, 1989) in that this process is tightly coupled to mitosis whereas the original traction-mediated cytofission is believed to occur independent of the cell cycle stage (Neujahr et al., 1997a) . Furthermore, in attachment-assisted mitotic cleavage, increase in the distance between the two parts of the cell during the furrowing and scission processes is small (Neujahr et al., 1997a; Weber et al., 1999) and is comparable to that during normal cytokinesis carried out by wild type cells on substrates Fig. 1) . During the original traction-mediated cytofission, on the other hand, a long and thin strand of cytoplasm connects the two parts of the cell moving away from each other, before it is finally broken by strain. The length of these cytoplasmic strands often exceeds 100 µm, and it sometimes snaps back to bring the two cell fragments together. The original traction-mediated cytofission thus appears more like the result of random, uncoordinated ameboid movement of various parts of a large cell.
Cortical stiffness of the furrow region during the final stages of attachment-assisted mitotic cleavage must be stiffer than the highly extensible cytoplasmic strands during the original traction-mediated cytofission, and is probably under temporal and spatial regulation to coordinate with the progression of the division process. Therefore, attachmentassisted mitotic cleavage is clearly distinct from the original traction-mediated cytofission, in terms of both its regulatory and mechanistic aspects. Similar to the original traction-mediated cytofission, however, attachment-assisted mitotic cleavage is absolutely dependent on substrate adhesion (Table I).
In this article, we use the term "cytokinesis A" and "cytokinesis B" to describe cytokinesis driven by myosin IIdependent active constriction of the contractile ring, and the attachment-assisted mitotic cleavage, respectively, as proposed by Zang et al. (1997) . Zang et al. (1997) redefined the term "traction-mediated cytofission" broadly to describe both cytofission of mitotic cells (i.e., attachment-assisted mitotic cleavage) and of interphase cells (original tractionmediated cytofission). To avoid confusion, however, we shall use the term "cytokinesis C" to refer only to the original, cell cycle-independent traction-mediated cytofission. The term "contractile ring" is used to refer specifically to a circumferential structure which drives cytokinesis A, and "cleavage furrow" for a general furrowing of the equatorial region.
A phenomenon similar to cytokinesis B was recently observed in adherent animal cultured cells. O'Connell et al. (1999) microinjected C3 ribosyltransferase into mitotic cultured cells to inactivate endogenous Rho, small G proteins which had been implicated in cytokinesis of animal egg cells (Kishi et al., 1993; Mabuchi et al., 1993; Drechel et al., 1996) . This treatment enhanced the cortical activities, in that the furrows became wider and ectopic furrows were often formed outside the equatorial region, even when the mitotic spindle was destroyed by nocodazole. These furrows did not contain higher concentrations of actin or myosin II filaments than other parts of the cell. This furrowing activity was observed only in mitotic cells and was apparently dependent on attachment to substrates. These characteristics Cytokinesis of an mhcA − mutant Dictyostelium cell on a glass surface (B) is driven by cytokinesis B, whereas that of a wild type (A) is powered presumably by both cytokinesis A and B. The relative contribution of these two mechanisms to cytokinesis of a wild type cell is not known, but may vary depending on the conditions. Numbers denote time in seconds, starting from the first image of each series which was taken in the anaphase. Both sequences are morphologically very similar, except that the mhcA − cell takes significantly longer time than the wild type. Note that the nascent cells are elongated laterally than longitudinally in both cases. Bar: 10 µm. (C) Myosin II-dependent constriction of the contractile ring, driving cytokinesis A. Arrows indicate cortical tension powered by the contractile force. (D) Schematic representation of the proposed model for passive contraction cytokinesis B. Radial traction forces (arrows) are generated along the bolded periphery but not in the equatorial region. This would draw cytoplasm out of the equatorial region and cause it to furrow. The axial components of the forces would further elongate the cell and, following scission, move the nascent cells away from each other. The lateral components of the forces are balanced between the both sides, and only stretches the cells laterally. These predicted morphological changes are consistent with the observation (B). (E) An alternative model to explain passive contraction cytokinesis B. Here, only polar peripheries of a mitotic cell move, and this linear bidirectional movement tears the cells into two and separates the two nascent cells.
are highly reminiscent of cytokinesis B in Dictyostelium.
In the budding yeast Saccharomyces cerevisiae, a ring which consists of actin and myosin II filaments is assembled at the mother-bud neck (Watts et al., 1985; Bi et al., 1998; Lippincott and Li, 1998) , and a gene knockout experiment showed that myosin II is essential for efficient separation of the daughter cell from the mother (Rodriguez and Paterson, 1990) . However, a more recent study demonstrated that the expressivity of the myosin II null mutation depends on strains, such that yeast cells of a certain cell line divide efficiently without myosin II (Bi et al., 1998) . Cytokinesis of the budding yeast is rather distinct in that it involves coordinated synthesis and dissolution of the cell wall at the neck, and it is not known if and how active contraction is critically involved in this process. Thus, the relevance of this myosin II-independent cytokinesis of the budding yeast to that of the animal type is not obvious.
II. Physical mechanism of cytokinesis B: two views
Myosin II filaments are aligned parallel to contractile rings in dividing Dictyostelium cells, and knocking out mhcA − , its single myosin II heavy chain gene, impairs the ability of the equatorial region to constrict in suspension (Manstein et al., 1989) . Reintroduction of wild type mhcA into these mhcA − cells fully restores the ability to carry out cytokinesis in suspension (Egelhoff et al., 1990) , but expression of mutant myosin IIs lacking motor activities does not restore the cytokinetic capability (Ruppel and Spudich, 1996; Yumura and Uyeda, 1997) . It is therefore well established that the active contraction driven by myosin II is essential for constriction of contractile rings in suspension (cytokinesis A).
How then do mhcA − cells carry out cytokinesis B without were grown in HL5 medium in suspension (circles) or on plastic surfaces submerged in HL5 (squares). Aliquots of cell suspension were taken for counting every 24 hours. For growth on plates, cells were first aliquoted into appropriate number of plastic Petri dishes, and for each determination cells from one plate were thoroughly resuspended and discarded after counting. Kitayama and Uyeda, unpublished.
Table I. THREE DIFFERENT MODES OF CYTOKINESIS IN Dictyostelium
* Listed in this column are the characterisitics of cytokinesis of wild type cells in suspension. If wild type cells employ only cytokinesis A in suspension (passive contraction cytokinesis B model), these characteristics are those of cytokinesis A. If wild type cells employ both cytokinesis A and B (active contraction cytokinesis B model), these characteristices are the sum of these two mechanisms with unknown relative contributions. ** Cortexillin double knockout cells are unable to carry out cytokinesis B when grown in liquid medium on substrates. The majority of the same cells are able to complete cytokinesis B, albeit very slowly, when provided with food bacteria .
See the text for other references. myosin II? Morphological changes of the equatorial region during cytokinesis B (Neujahr et al., 1997a; Zang et al., 1997; Fig. 1) give an impression that it constricts "actively". It is thus possible that some other unconventional myosin(s) are localized in the equatorial region, and produce force that is sufficient to constrict the furrow when supported by attachment to a substrate. For instance, myosin I was found to be localized in the furrow region in fibroblasts (Brecker and Burnside, 1994) . Of Dictyostelium's seven myosin Is, however, only myosin IB's localization has been examined during cell division, and it is localized in the polar region . Single or double knockouts of the seven known myosin I genes did not cause defects in cytokinesis (Jung and Hammer, 1990; Titus et al., 1993; Peterson and Titus, 1994; Novak et al., 1995; Jung et al., 1996; Yazu et al., 1999) . Therefore, there is no evidence to support that myosin I is critically involved in cytokinesis in Dictyostelium, although it is possible that functions of the seven myosin Is are redundant, and removing two or three at a time (Peterson and Titus, 1994; Jung et al., 1996) was insufficient to exhibit defects. It is also possible that myosin I-dependent contraction and myosin II-dependent cytokinesis A are functionally redundant. In addition, Dictyostelium contains more unconventional myosins other than myosin Is (Uyeda and Titus, 1997) , and they might provide a supplementary motive force for the furrowing. Alternatively, the dynamics of the actin cytoskeleton, such as condensation due to enhanced crosslinking, may be able to cause local contraction of the cortex. It has been demonstrated that the actin crosslinking protein cortexillin is localized in the furrow region and is required for cytokinesis B (Faix et al., 1996; Weber et al., 1999) , pointing to the possibility that regulated increase of crosslinking of actin filaments in the equatorial region contributes to its active contraction.
All of these hypotheses that some unconventional myosin or dynamics of the actin cytoskeleton drives constriction of the furrow, which are collectively called "active contraction cytokinesis B model" here, are not necessarily compatible with the fact that cytokinesis B requires adhesion to substrates. Furthermore, one would expect to see at least partial furrowing of the equatorial region in mitotic mhcA − cells even when not attached to substrates, if cytokinesis B involves active furrowing of the equatorial region. Contrary to this prediction, Zang et al. (1997) observed behavior of mhcA − cells on non-adhesive hydrophobic surfaces, and did not detect any sign of furrowing or even elongation of cells which usually precedes initiation of the furrowing. This result is inconsistent with the active contraction cytokinesis B model, unless one assumes that the active contraction is turned off when not attached to substrates.
Consequently, it may be more reasonable to assume that the furrowing of the equatorial region in mhcA − cells is a passive process driven by a motile mechanism that is dependent on substrate adhesion. For instance, a small increase in the distance between the two halves of the cell, driven by opposite ameboid movement of the two halves, could tear the cell into two . Traction forces applied to substrates, which are consistent with this hypothesis, have been detected directly by observing wrinkles on fabricated silicone rubber surfaces formed by dividing fibroblasts (Burton and Taylor, 1997) or by Dictyostelium ameba (Uchida and Yumura, unpublished). More generally, if outward ameboid movement occurs radially all along the periphery except for the equatorial region, it would draw cytoplasm out of the equatorial region and should result in passive furrowing of the equatorial region. Such global and radial movement, rather than linear bidirectional movement, is more consistent with the morphological changes of cells undergoing cytokinesis B. For instance, lamellipodia enriched with actin filaments are observed all along the periphery of cells except for the equatorial region, after telophase or later (deHostos et al., 1993; Neujahr et al., 1997a) . The overall shape of the resultant nascent cells are often elongated laterally, and the rear of these cells are flat or slightly concave, and devoid of lamellipodia (Fig. 1B) . Perhaps traction forces generated at the front of nascent cells are effectively used for forward translocation of the cells, whereas those generated at the both sides are balanced and only stretches the cells laterally (Fig. 1D) . Dividing cells that are elongated along the polar axis with trailing posterior ends, (Fig. 1E) , as would be expected from linear bidirectional ameboid movement driving cytokinesis B , are rarely observed among mhcA − cells on substrates. The flat appearance of the rear of nascent cells is easily explained by the global and radial movement, but it is difficult to explain by the linear bidirectional movement.
This "passive contraction cytokinesis B model" demands that the cortical and cytoplasmic stiffness is appropriate. As discussed earlier, furrowing region during later stages of cytokinesis B must be stiffer than the highly extensible cytoplasmic strands during cytofission. The requirement of the actin crosslinking protein cortexillin for cytokinesis B (Faix et al., 1996) may suggest its involvement in such local regulation of cortical stiffness. O'Connell et al. (1999) speculated that Rho is involved in a similar process in animal cells, most likely in regulating cortical stiffness, based on their C3 microinjection studies. Molecular genetic analyses on factors interacting with these proteins would be a promising avenue to understand the mechanism of cytokinesis B.
III. Relative contribution of cytokinesis A and B in wild type cells
A related question is if wild type Dictyostelium cells use both cytokinesis A and B. Obviously cytokinesis A is required for division in suspension, but the active contraction cytokinesis B model implies that cytokinesis B also contributes to the furrowing process in suspension. In this case, the left column of Table I represents characteristics of the sum of cytokinesis A and B with unknown relative contributions. On the other hand, if the physical driving force for cytokinesis B absolutely requires attachment to substrates, such as traction forces, cytokinesis of wild type cells in suspension employs cytokinesis A only.
In contrast, it appears that adherent wild type cells utilize both cytokinesis A and B under normal conditions, for more faithful and reliable bisection. This is suggested by the fact that cytokinesis of mhcA − on substrates takes a longer time than that of wild type cells (Neujahr et al., 1997a; . Furthermore, the sizes of two mhcA − daughter cells on substrates are more uneven than those of wild type cells on substrates . Yumura and Uyeda (1997) discovered that wild type cells are able to divide even when sandwiched between a glass coverslip and a sheet of agarose, whereas cells without functional myosin II are not. These agarose sheets are overlaid on adherent cells, in order to flatten them by pressure for better optical conditions for microscopy (Yumura et al., 1984) . Neujahr et al. (1997b) observed that the concentration of myosin II in the furrow region is much higher in agar-overlaid wild type cells than in cells without agarose sheets. These results clearly indicate that myosin II-driven cytokinesis A functions under adherent conditions, and a larger contribution of cytokinesis A is required for successful cytokinesis under physically more demanding conditions of the agar-overlay.
IV. Possible hierarchy among the three mechanisms
Dictyostelium has two homologues of cortexillin, and the cortexillin double knockout cells are highly multinucleate and extremely large and flat on substrates (Faix et al., 1996) . Therefore, these mutant cells are apparently unable to divide by cytokinesis A or B, and cytokinesis C is the major mechanism of these cells to proliferate. Cells lacking both of the two genes for profilin, a ubiquitous G-actin binding protein, are similar to cortexillin null cells, in that both cytokinesis A and B, but not cytokinesis C, are severely impaired (Haugwitz et al., 1994) . Both cytokinesis A and B, but not cytokinesis C, are partially affected by null mutations of RasG (Tuxworth et al., 1997) , GAPA (Adachi et al., 1997) , dynamin (Wienke et al., 1999) and DAip1 (Konzok et al., 1999) as well, because cytokinesis in suspension and on substrates are both partially inhibited in these mutants. If we consider the differences between cytokinesis A and B, the former absolutely requires myosin II, whereas the latter does not. Requirements for RacE (Larochelle et al., 1996 (Larochelle et al., , 1997 Gerald et al., 1998) , clathrin heavy chain (Niswonger and O'Halloran, 1997) , and PAKa, a putative Ste20/PAK family kinase (Chung and Firtel., 1999) , are similar in that null mutations of these genes severely affect cytokinesis in suspension but not on substrates. Thus, cytokinesis A depends on cortexillins, profilins, myosin II, racE, clathrin and PAKa, cytokinesis B requires cortexillins and profilins but not racE, clathrin, myosin II or PAKa, and cytokinesis C requires none of these. In other words, cytokinesis C, B and A demand more protein factors in this order (Table I) .
There have been two reports of mutations that affect cytokinesis on substrates more severely than in suspension. Null mutation of coronin (deHostos et al., 1993) and that of amiA (Nagasaki et al., 1998) both partially inhibit cytokinesis, but their phenotypes were more severe on substrates than in suspension. Interpretation of these reports requires caution, because inhibitory effects were partial and phenotypes were pleiotropic. Nonetheless, it would be tempting to speculate that these proteins are specifically involved in cytokinesis B but not in A, and that the reason why null mutations of these genes cause only partial defect of cytokinesis on substrates is because cytokinesis A functions as a backup mechanism. Phenotypic analysis of myosin II/coronin or myosin II/amiA double knockout mutations would provide an answer to this question.
Let us next consider functional order among the three mechanisms of cytokinesis. For the sake of simplicity, we shall discuss only the context of the passive contraction cytokinesis B model, although the hierarchical relationships among the three mechanisms described below can be inferred from the context of the active contraction cytokinesis B model as well. In the passive contraction cytokinesis B model, only cytokinesis A is employed in suspension, and cytokinesis A is sufficient for efficient bisection in a cell cycle-coupled manner, without a requirement for adhesion. Analyses of mhcA − cells demonstrated that cytokinesis B is able to deliver nucleus to each daughter cell in a cell cycle-coupled manner. However, cytokinesis B depends on substrate adhesion. Furthermore, when compared with cytokinesis of wild type cells on substrates, cytokinesis of mhcA − cells takes a longer time, and the sizes of the two daughter cells are often unequal (Neujahr et al., 1997a; Zang et al., 1997) . Also, as mentioned earlier, cytokinesis of mhcA − cells on substrates is more sensitive to physical stress than that of wild type cells (Yumura and Uyeda, 1997) , and a larger contribution of cytokinesis A appears necessary for successful cytokinesis on substrates with overlaid agarose sheets (Neujahr et al., 1997b) . Thus, the available evidence all suggests that cytokinesis A is a more robust and efficient method of accurately bisecting a cell in a cell cycle-coupled manner than cytokinesis B. In that sense, cytokinesis A is more functional than cytokinesis B. Cytokinesis C is dependent on attachment, not coupled to the cell cycle and the number of nuclei each new fragment receives is highly variable. Thus, cytokinesis C is functionally inferior to cytokinesis A or B in the sense that it cannot ensure cell division and equal delivery of nuclei and other organelles and cytoplasmic materials into the daughter cells following nuclear division.
Therefore, cytokinesis C, B and A become more functional in this order (Table I) . Also, it appears that they demand more protein factors in this order, with the possible exception of coronin and amiA. It is thus tempting to speculate that this reflects a hierarchical relationship among these three mechanisms. In this view, primitive ameboid cells probably multiplied in number in a manner similar to extant cytokinesis C, independent of the cell cycle. More "evolved" cells divide by a mechanism similar to cytokinesis B, which ensures delivery of nuclei into each cell fragment in a cell-cycle coupled manner. Cytokinesis A, which involves myosin II-dependent constriction of contractile rings, is a parallel and independent mechanism of cell division. Because cytokinesis A demands more protein factors than cytokinesis B, it may be that cytokinesis A evolved as an additional mechanism supplementary to cytokinesis B, for more accurate bisection and under physically stressed or demanding conditions, such as in suspension or in animal tissues.
Taken together, it is suggested that cytokinesis B is a more primitive and basic method of bisecting a cell in a cell cycle-coupled manner, which is conserved from slime molds to higher animal cells. We believe that elucidation of this mechanism is critical for the study of cytokinesis of the animal type. Dictyostelium mhcA − cell is an ideal experimental system for such studies.
V. What determines the position of the cleavage furrow?
Classic cytological studies using echinoderm eggs elegantly demonstrated that the mitotic spindle ultimately determines the position of the contractile ring, although the nature of the spindle signal is still a big mystery. These studies further showed that the entire spindle is not necessary for induction of the contractile ring, because contractile rings are formed between unpaired centrosome/astral microtubules complexes not directly connected by interpolar microtubules. Probably astral microtubules play critical roles in specifying the position of the contractile ring in these cells (reviewed in Mabuchi, 1986; Rappaport, 1986 Rappaport, , 1991 Fishkind and Wang, 1995) . Recently, these experiments were repeated using flat and substrate-attached animal cultured cells. Growing evidence from these studies indicates that in these cells interpolar microtubules or factors associated with them play more important roles in inducing cleavage furrows than astral microtubules (Wheatley and Wang, 1996; Oegema et al., 1997; Wheatley et al., 1998) . Experiments using newt egg cells (Sawai, 1998) and nematode embryos (Raich et al., 1998) also suggest a continual requirement of interpolar microtubules for the furrow contraction.
In wild type mitotic Dictyostelium cells, astral microtubules reach polar periphery, where active lamellipodia are formed. Due to the tight geometry of these cells, however, it was not clear whether distal portions of the astral microtubules are passively pressed against the periphery, or they actively interact with the periphery. Large, multinucleate Dictyostelium cells, prepared by growing mhcA − cells in suspension, offer a unique opportunity to examine this point, because in these giant cells nuclei and mitotic spindles are not physically constrained to interact with a specific area of the cortex. Close examination of such multinucleate mhcA − cells expressing GFP-tubulin revealed that each astral microtubular system actively associates with the cell cortex and forms a hemicyclic protrusion or "lobe" (Neujahr et al., 1997a (Neujahr et al., , 1998 . The microtubule-cortex interaction is so strong that interpolar microtubules connecting the two lobes are often bent to facilitate the interactions. The cortex of the lobes has protrusions enriched with coronin, whereas the cortex between lobes tends to furrow, leading to formation of cleavage furrows, irrespective of whether the lobes are paired or are connected by interpolar microtubules (Neujahr et al., 1998) . Niewöhner et al. (1997) also found that cleavage furrows are efficiently formed between unpaired spindles, using binucleate cells frequently seen in talin-null cells.
Before these gene knockout cells became available, Kitanishi-Yumura et al. had reached a similar conclusion based on immunofluorescence staining of multinucleate cells generated by a treatment of wild type cells with antimicrotubular agents (Kitanishi-Yumura et al., 1985; Kitanishi-Yumura and Fukui, 1989) . When the inhibitor was removed, microtubular systems quickly regenerated. In interphase cells each nucleus/microtubule organizing complex (MTOC) regenerated its own microtubular array, whereas in mitotic cells spindles were formed. In either case, cytokinesis often followed to form multiple cell fragments between individual interphase microtubular arrays or between paired as well as unpaired astral microtubular arrays.
These observations strongly suggest that in Dictyostelium astral microtubules and their association with the cortex plays more important roles than interpolar microtubules in the induction of cleavage furrows. Neujahr et al. (1998) suggested that early mitotic Dictyostelium cells have globally elevated cortical tension but the subsequent interaction between astral microtubules and the polar cortex locally inhibits cortical tension, allowing preferential furrowing of the equatorial region. In other words, the astral microtubules are suggested to transmit a negative signal to the cortex regarding the furrow formation. This model is compatible with the myosin II-dependent cytokinesis A or the active contraction cytokinesis B model. However, the Neujahr model does not explain the mechanism of the hypothetical, passive furrowing of the equatorial region driven by active polar ameboid movement (passive contraction cytokinesis B). For this latter scenario it would be more reasonable to assume that microtubule-cortex interactions actively stimulate lamellipodial activities in the polar region. In this model, astral microtubules send a positive signal to the polar cortex to induce protrusive activities, and the equatorial region, which receives a smaller dose of this signal, passively furrows. Probably the microtubule-cortex interactions func-tion both to relax cortical tension and activate lamellipodial activities in the polar regions, and these two functions play differential roles in cytokinesis A and B.
The nature of interaction between astral microtubules and the polar cortex is still elusive. Recent studies have implicated cytoplasmic dynein in the physical linkage between microtubules and the cortex in Dictyostelium (Koonce and Samso, 1996; Neujahr et al., 1998) , as well as in other organisms (reviewed in Karki and Holzbaur, 1999) . Other studies provide biochemical evidence that members of the Rho family small G-proteins interact with microtubules (Best et al., 1996; Glaven et al., 1999; Ren et al., 1999) . These small G-proteins have been implicated in regulation of the actin cytoskeleton (reviewed in Narumiya et al., 1997; Hall, 1998) , and the association of the small G-proteins with astral microtubules may be an essential element of furrow induction by the mitotic apparatus.
Interestingly, in multinucleate wild type cells prepared by treatments with anti-microtubular drugs, each nucleus/ MTOC system formed its lobe even in interphase and rapidly induced cytokinesis (Kitanishi-Yumura et al., 1985; Kitanishi-Yumura and Fukui, 1989) , whereas in multinucleate cells prepared by growing mhcA − cells in suspension, cytokinesis B occurred in a cell cycle-dependent manner (Neujahr et al., 1997a (Neujahr et al., , 1998 . It may be that the cortex of cells treated with anti-microtubular drugs is hypersensitive to stimulation by newly polymerized microtubules. Alternatively, the newly polymerized microtubules might have an elevated potential to stimulate the cortex. It was recently reported that in fibroblasts only dynamic microtubules, particularly after removal of nocodazole, but not taxol-stabilized microtubules, are capable of stimulating surface activities through activating Rac, a homologue of Rho (WatermanStorer et al., 1999) .
VI. Summary
The physical mechanism of cytokinesis B or attachmentassisted mitotic cleavage is still obscure, and it is not determined whether it involves active or passive contraction of the equatorial region, although available evidence favors the latter. In either case, cytokinesis B has more basic and primitive characteristics than cytokinesis A. Therefore further studies on cytokinesis B using the Dictyostelium system are critically important to understand the fundamental mechanism of cytokinesis, both in terms of physical and regulatory aspects.
